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The mechanism of electroweak symmetry breaking (EWSB) will be directly scrutinized soon 
at the CERN Large Hadron Collider (LHC). We analyze the LHC potential to look for new 
vector bosons associated with the EWSB sector, presenting a possible model independent ap- 
proach to search for these new spin-1 resonances. We show that the analyses of the processes 
pp -> £ + £'-E T , t^jjpT, e^i+rEr, e ± jj$T, and t + i~jj (with 1,1' = e or fj. and j = jet) have a 
large reach at the LHC and can lead to the discovery or exclusion of many EWSB scenarios such as 
Higgsless models. 

PACS numbers: 95.30.Cq 
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I. INTRODUCTION 

The CERN Large Hadron Collider is about to start 
probing directly the TeV scale with the study of the elec- 
troweak symmetry breaking mechanism being at center 
stage. In order to respect unitarity in the weak gauge 
boson scattering W^W£ — > W^W£ there must be a 
contribution of the EWSB at the TeV scale pj , well 
within the LHC reach. In the SM the growth of the scat- 
tering amplitude of this process is cutoff by the presence 
of the Higgs boson, however, the simplest one doublet 
Higgs sector is just one of a myriad of possibilities for 
the symmetry breaking sector of the electroweak interac- 
tions. 

One appealing possibility is that the electroweak sym- 
metry breaking is caused by a new strongly interacting 
sector Although simple scaled up QCD models are 
ruled out by precision measurements and flavor changing 
neutral current constraints, it is possible to build viable 
models of dynamical electroweak symmetry breaking Q . 
A common feature of many of these models is the appear- 
ance of new spin-1 states that unitarize the weak gauge 
boson scattering. 

Recently scenarios presenting extra dimensions have 
received a lot of attention, allowing the construction 
of Higgsless models where unitarity restoration takes 
place through the exchange of an infinite tower of spin-1 
Kaluza-Klein (KK) excitations of the known electroweak 



gauge bosons [![. In this class of models [f| unitarity 
constraints give rise to sum rules depending on the cou- 
plings and masses of the KK excitations that imply that 
the first KK excitation should be observable at the LHC, 
while higher KK modes are probably beyond the LHC 
reach [f|. 

A common feature of many EWSB scenarios, as the 
ones above mentioned, is the existence of new vector res- 
onances, Z' and W, that couple to W + W~ and W ± Z 
pairs, respectively. But, generically, their properties, 
such as mass, width, and couplings to SM fermions, 
are model dependent. In this respect, the most model 
independent channel for detection of such spin-1 reso- 
nances would be the observation of their contribution 
to SM gauge boson fusion (WBF) which only involves 
their couplings to electroweak gauge bosons. At the LHC 
this would correspond to the Z' exchange contribution to 
W + W~ — ► W + W~ , such as for example in the process 
PP — * jj£ + £'~$T- Unfortunately, that signal is unob- 
servable at LHC even with increased luminosity @, 0]. 
On the other hand, W' can be observed in the WBF 
W ± Z -> W ± Z elastic scattering HQ. 

The new spin-1 states can also be directly produced 
in pp collisions via their couplings to light quarks. In 
this case, in order to determine that such new vector 
bosons are indeed associated with EWSB one can study 
processes in which the new spin-1 decays into electroweak 
gauge boson pairs, i.e. 



PP 



Z' -^W + W- -> t + l'-$r and £ ± jj$i 



(1) 
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pp -> W -> W ± Z -> l^l+rfr, ^jjfr and £ + £~jj(2) 

where £ and £' stand for electrons and muons and j for 
jets. 

In this work we present a model independent analy- 
sis of the observability of these signals. We express our 
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results as function of the relevant spin-1 boson effective 
couplings, mass and width. For Z' states these are the 
most sensitive channels which can give information on 
its connection to EWSB. For W they complement its 
observation in WBF and provide further information on 
the W properties. The outline of this work is as fol- 
lows: in Scc.[TT]wc present the framework of our analysis 
and the underlying assumptions in our model indepen- 
dent approach. In Sec. IIIII wc describe the differentiating 
characteristics between the signal and SM backgrounds 
contributing to the processes (JT}) and @ and quantify 
those after imposing the corresponding cuts to optimize 
the signal to background ratio. Finally, in Sec. IIVI we 
present and discuss the obtainable sensitivities in the dif- 
ferent channels as a function of the relevant parameters. 



II. FRAMEWORK OF OUR ANALYSES 

From the phenomcnological point of view, the study 
of processes ([1]) and ([2]) requires the knowledge of the 
couplings of the new spin-1 states to the light quarks 
and to clcctroweak vector boson pairs, in addition to their 
masses and widths. 

In this work, for the sake of concreteness, we assume 
that the couplings of the Z' and the W to the light 
quarks and to gauge bosons have the same Lorentz struc- 
ture as those of the SM, as it is the case for Higgsless 
models, but with rescaled strength. In Higgsless models, 
the unitarity bound in W + W~ — > W + W~ is saturated 
by the exchange of the first Kaluza-Klein excitation (or 
Z') if its couplings to electroweak gauge bosons is given 
by 1 



gZ'WWmax = 9ZWW 



M, 



(3) 



for a given Z' mass. Correspondingly, the saturation of 
unitarity in the elastic scattering W^Z — ► W^Z leads 
to the constraint m 



Mf 



gW'WZrnax = 9WW Z r- Z ■ (4) 

These constraints imply an upper bound on the decay 
width of the KK-bosons into SM gauge bosons. In what 
follows we use gwwz max and gz'ww m ax simply as con- 
venient normalizations for the coupling of the spin-1 reso- 
nance to SM gauge bosons. Moreover, in a generic model, 
the new spin-1 states have further couplings to other par- 
ticles, e.g. b or t quarks, that contribute to their width. 
Therefore, in this work we treat the Z' and W widths as 
free parameters. With these assumptions it is possible to 
make a model independent analysis of the observability 
of the relevant processes. 

Within this framework the cross section for the pro- 
cesses ([T]) and (0) can be written in full generality as 

ffJVqq gvwv \ „ , 

Ctot = &SM + (Ti n t(Mv>,i-V') 

\ gvqq gvwv max / 



( gV'qq 



gvwv 



V gVqq gVWV, 



a v ,{M v ,,T v ,) (5) 



where for processes ((TJ V' = Z', gvwv = gz'ww, and 
gv q q = gzqq = 9 / ' cw ■ For processes © V = W, 
gvwv = gwwz, and g Vqq = g Wq q> = g/V%- Here g 
is the SU(2)l coupling constant and cw the cosine of 
the weak mixing angle. We notice that the final state 
pp — > i^jjftr can receive contributions from both Z' 
and W intermediate states. When studying this channel 
we consider the sensitivity to each of the contributions 
separately. 

In this approach, for each final state the analysis de- 
pends on three parameters: the mass of the new spin-1 
gauge boson, My', its width, Ty', and the product of 
its couplings to light quarks and to SM gauge bosons, 
gvqq gvvv ■ These parameters are only subject to the 
constraint that for a given value of product of the cou- 
plings of the new spin-1 boson and of its mass, there is 
lower bound on its width, since 

T z > > T ( Z ' ??) +r ( Z ' w+w ~) ( 6 ) 

q—u,d 

T w ,+ > T(W' + -► ud) + T(W' + -> W + Z) . (7) 
Using the values the partial widths (all in GeV): 



T(Z' -► uu) = 0.3 



\M Z 



gZ'qq 
gZqq 



T(Z> - dd) = 0.38 (M§L\(!Z* 
V ' \M Z ) \g Zqq 

/ n 

T(Z' -> W + W~) = 0.028 



Mz 



\ Mw J V gWqq 



gz'ww 

gZ'WWmax 
2 



W + Z) = 0.019 



AL 



W' 



My 



gwwz 

gwwz max 



it is possible to show that the minimum V' decay widths 
(in GeV) are: 



T z , > 0.27 



w 



> 0.40 



gZ'qq \ I gz'ww 

gZqq J \gZ'WWmax 

gw'gg\ ( gwwz 



(M z 



gwqq ) \gw 



wz, 



(M w 



\M V 



(8) 



(9) 



We perform our parton-level analyses using the stand 
alone package of MADGRAPH Q supplemented by the 
new states and interactions. We simulate experimental 
resolutions by smearing the energies, but not directions, 
of all final state leptons with a Gaussian error given by a 
resolution AE/E = 0.1/ \J~E~ ® 0.01 while for jets we as- 
sumed a resolution AE/E = 0.5/VS© 0.03, if |?^| < 3, 
and AE/E = 1/VE 0.07, if \r]j\ > 3 (E in GeV). Fur- 
thermore the lepton detection efficiency was taken to be 
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0.9. In our calculations we use CTEQ6L parton distribu- 
tion functions Q with renormalization and factorization 



= M?j = \J {"Pt " + Pt f° r pure leptonic 
final states, while for the channels containing jets we em- 



ploy H° F 



)/2- 



III. SIGNAL AND BACKGROUNDS 

In this section we describe the main features of the Z' 
and W signals for the different final states, presenting 
the main SM backgrounds and discuss possible cuts to 
enhance the signal to backgrounds ratios. 



PP 



z' w+w~ -> £+e'-$ T 



We start discussing the observability of the Z' signal 
in the leptonic decay channels with both equal and 
different flavor leptons in the final state. In the case 
of different flavor leptons, the Z 1 signal in process ([1]) 
possesses SM backgrounds coming from the production 
of W + W~ pairs, as well as, from tt pairs where the top 
quarks decay semi-lcptonically. 

The starting cuts are meant to ensure the detection 
and isolation of the final partons plus a minimum trans- 
verse momentum since Z' has a mass in excess of a few 
hundred GeV and it is expected to lead to hard lep- 
tons 

\r\t\ < 2.5 , AR U > 0.4 and p e T > 50 GeV . (10) 

The presence of two neutrinos in the final state ren- 
ders impossible the complete reconstruction of the event. 
Nevertheless the signal can still be partially characterized 
with the use of the transverse invariant mass variable 



M™ w 



"l+l>- 



1/2 



(11) 



where $t is the missing transverse momentum vector, 
is the transverse momentum of the pair £ + £'~ 
and m(+£/- is the £ + £'~ invariant mass. 

We show in Fig. [T] the characteristic invariant mass 
distribution expected for several values of Mz> ■ The SM 
prediction is represented by the solid light grey (yellow) 
histogram while the darker areas represent the Z' ex- 
pected signal for Mz 1 = 0.5 and 1 TeV as indicated. As 
seen in this figure, the characteristic peak associated with 
the production of a resonance is substantially broadened 
due to the incomplete event reconstruction, however, the 



gz'qq=0.3 g/cw 

9zWW = 9zWWmox 
l~Z = f "z min 
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Figure 1: Transverse mass distribution for the pp — ^ e + fx~ $t 
final state for different values of M z i . The widths are chosen 
to be the minimum values compatible with Eq. (|6}, T m in = 
4.7, 37 GeV for 0.5 and 1 TeV, respectively. The hatched 
area stands for the SM background contribution. 



Z' production is still signaled by an excess of events in 
the region 



M- 



WW 



> 



M z , 



(12) 



A sizable contribution contribution to the background 
arises from the SM production which leads to a W + W~ 
pair on the final state accompanied by two b-jets. This 
background can be efficiently reduced by vetoing the 
presence of additional jets with 



1 7/3 1 < 3 and p> T > 20 GeV. 



(13) 



The probability of a QCD (electroweak) event to survive 
such a central jet veto has been analyzed for various pro- 



cesses in Ref. [12j. Moreover, at the high-luminosity run 



of the LHC there will be more than one interaction per 
bunch crossing, consequently there is a probability of de- 
tecting an extra jet in the gap region due to pile-up. In 
Ref. [l3| it was estimated that survival probability due 
to pile-up is 0.75 for a threshold cut of pt — 20 GeV. 
Taking into account these two effects we included in our 
analysis veto survival probabilities 



0.56 



(14) 



Further reduction of tt background can be achieved by 
use of the difference of the azimuthal angular distribu- 
tions of the final leptons. This behavior is illustrated in 
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Figure 2: Distribution of the azimuthal angular separation of 
the charged leptons for the l + l'~lpT final state. The solid 
histogram stands for the signal distribution for Mz 1 = 0.5 
TeV with F z i /M z i — 0.1, while the dashed one represents the 
SM ti background. 



Fig. [2] where we show the azimuthal angular separation 
of the charged leptons for both signal and ti background. 
Consequently, one can also require 

A<f>u> < 2.5 . (15) 

In the case that the final state leptons in reaction (fl]) 
have the same flavor (ee or fi/j.), there are additional back- 
grounds originating from Drell-Yan lepton pair produc- 
tion, as well as ZZ pair production. In this case, the cuts 
OH, (HU), US]) and |15]) are supplemented by 

$ T > 50 GeV (16) 

in order to suppress the Drell-Yan pair production. Fur- 
thermore 

m l+l - > 100 GeV. (17) 

is required to reduce the ZZ background. 

Tablc[T]contains the cross sections for the different con- 
tributions to the SM backgrounds after all the cuts de- 
scribed above, as well as for the signal, normalized as in 
Eq. ©, for M z > = 0.5, 1, and 1.5 TeV and for an il- 
lustrative value of the width Y z 1 = 0.05Mz>. Once the 
cuts are imposed, the interference term <Ji nt is negligibly 
small for all values of Z' masses and widths considered. 



M z , (TeV) qf A T (fb) <rfu (jb) <Jz> (fb) 
0.5 184 10.8 793 

1.0 92.5 1.88 361 

1.5 52 158 



Table I: Signal and background cross sections in fb for the 
£ + £'~ IpT final state for all possible lepton combinations with 
either electrons or muons. For the final state with different 
flavor leptons the cuts (|10[) to (|15[) are applied while for same 
flavor leptons the cuts (|10[) to (|17[) are imposed . These results 
do not include the lepton detection efficiencies nor the gap 
survival probabilities. For the signal the results are show for 
an illustrative value of the width T z i = 0.05M z i . 

B. pp -> Z' -> W+W~ -> ^jj^x 

A sharper Z' signal can be obtained by the study of 
the channel where one W decays leptonically while the 
other decays hadronically. This final state can be recon- 
structed, up to a twofold ambiguity on the neutrino lon- 
gitudinal momentum, exhibiting the characteristic peak 
of a resonance production. On the other hand this chan- 
nel possesses large QCD backgrounds due to the Wjj 
production, as well as, Zjj with the Z decaying leptoni- 
cally and one of the leptons being missed, ti production 
also contribute to the background, however, presenting 
additional b jets. 

Again the starting cuts are meant to ensure the detec- 
tion and isolation of the final partons: 

M<2.5 , | % -|<3 and A/,',,„ -0.1. (18) 

The large QCD background can be reduced by making 
use of the characteristic harder transverse momenta of 
charged lepton and the jets in the Z' signal. As illustra- 
tion we show in Fig. [3] the p T distribution for both the 
sum of the backgrounds as well as for the signal for sev- 
eral values of Mz<- Thus, the signal to background ratio 
can be improved by requiring the lepton and jets to be 
energetic. We find the following suitable set of variables: 

p T > pf™ 11 , Pt > Pt 1 " 

(19) 

where we denoted the jet largest transverse momentum 
as Pylmax- The optimum cuts depend on the Z' mass as 
given in Table [TTJ 

The identification of the hadronically decaying W is 
accomplished requiring that the dijet invariant mass is 
compatible with the W mass, i.e. 

\Mjj -M w \ < 10 GeV. (20) 

As discussed in Sec. IIII A| the ti background can be 
further reduced by vetoing additional jets in the central 
region through the requirement (|13|) which we assumed 
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Figure 3: Transverse momentum distribution for the charge 
lepton in the l^jjlpT final state. The dotted histogram cor- 
responds to the expected distribution for the background af- 
ter the cuts in Eq. (|18p while the solid, dashed, and dot- 
dashed line correspond to the expected distribution for the 
signal with M z > = 0.5, 1 and 1.5 TeV, respectively and for 
IV = 0.05M Z ,. 



to lead to the corresponding veto survival probabilities 
(Q3J). This veto also suppresses the QCD processes since 
QCD events presents a higher probability of emitting ad- 
ditional jets (l2j . 



M z , (TeV) 


0.5 


1.0 


1.5 


p^ min (GeV) 


75 


100 


100 


p^ min (GeV) 


60 


75 


100 


p? ax (GeV) 


110 


75 


100 


^ lin (GeV) 


50 


75 


75 


S (GeV) 


50 


100 


200 



Table II: Cuts for pp -> Z' -> W + W~ 
tion of the new resonance mass. 



£ jj$r as a func- 



As mentioned above, the presence of just one neutrino 
in the final state permits the reconstruction of its momen- 
tum by imposing the transverse momentum conservation 
and requiring that the invariant mass of the neutrino- 
£ ± pair is Mw] this procedure leads a twofold ambiguity 
on neutrino longitudinal momentum. This opens up the 
possibility of reconstructing the Z' Breit-Wigner profile 
to better pinpoint this state. Using the two possibilities 
for the neutrino momentum we evaluated the invariant 
mass of the i^jjJfix final state. In Fig. 2] we show the 
reconstructed invariant mass distribution using the min- 




Ww=t>-3 g/c 

9z WW = 9z WWmox 

IV=0.05 M z ' 
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Figure 4: In the left (right) panel we present the reconstructed 
minimum invariant mass distribution for the pp — > jj£ IpT 
final state for M Z ' = 0.5 TeV (1 TeV) over the corresponding 
SM backgrounds (hatched area) after the cuts in Eqs. (jTHJ) 
(|20[) . Despite the arbitrary overall normalization the figure 
reflects the relative size of the two resonance signals (and of 
their corresponding backgrounds). 



mm 

rec 



, after 



imum of the two WW reconstructed masses, M, 
the cuts in Eqs. i[lg j) -p0 |) . 

For any of the widths considered in the analysis, the 
Z' peak can be efficiently observed by requiring: 



M Z '\ <S, 



(21) 



where S is chosen to guarantee that for a given mass and 
for the range of widths considered most of the signal is 
within this invariant mass window. The chosen values of 
(5 are given in Table ITT1 

We present in Table IIIII the signal and background 
cross sections for the i^jjJfir channel after applying the 
cuts (fT5)l to (|21[) 1 . From this table, we can see that 
the cross sections are drastically reduced for Z' masses 
in excess of ~ 1 TeV. In this region of the parameter 
space the W's are very energetic, thus, their decay prod- 
ucts are highly collimated not passing the isolation cuts 
in (p~8|) . This is illustrated in Fig. [5] where we show the 
ARjj distribution expected from the Z' signal for differ- 
ent values of Mz 1 when only the rapidity cuts in Eq. (fl~5|) 
are imposed. As seen in the figure, already for Mz> = 1.5 
TeV a sizeable fraction of the signal leads to very colli- 
mated jets, which results into the signal reduction once 
the isolation cuts are imposed. 

In order to overcome this suppression one can consider 
the possibility of the final state i^j^T, as discussed in 



1 Again, once the cuts are imposed, the interference term Cj n < is 
negligibly small for all values of Z' masses and widths considered. 
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Figure 5: ARjj distribution in the £ jj$T final state for 
different M z > signals as labeled in the figures. In all cases 
Y z , = 0.05M Z , . 



background, however, since it requires that one of the 
isolated leptons originates from a b quark semi-leptonic 
decay it is very suppressed. 

We start with the minimum cuts to ensure the detec- 
tion and isolation of the final leptons: 

\r} t \ < 2.5 , AR U > 0.4 and p ( T > 10 GeV. (22) 

In the search for a lighter resonance, i.e. Mw' = 0.5 TeV, 
a further cut is needed to tame the SM backgrounds, de- 
manding that the hardest observed lepton has transverse 
momentum in excess of 120 GeV. 

In the signal the final state contains a pair of same 
flavor opposite charge (SFOC) leptons compatible with 
the production of a Z. Thus the signal gets enhanced by 
requiring 



M, 



SFOC 



M z < 20 GeV. 



(23) 



As in Sec. IIIIB1 the presence of just one final state 
neutrino in process allows for the reconstruction of 
the neutrino momentum. Consequently it is possible to 
evaluate the total Itl'v invariant mass up to a twofold 
ambiguity. Thus one can enhance the signal over SM 
backgrounds by requiring that the total reconstructed 
invariant mass satisfies 



Ref. [l4[ . The realistic evaluation of the attainable level 
of rejection of the QCD background for this case requires 
a devoted study including details of the detector simula- 
tion, which is beyond the scope of this work. We therefore 
keep the isolation cut which may render our conclusions 
of observability of the heavy resonances conservative. 



Mi 



<5, 



(24) 



where M™ n is the smaller of the two solutions for the 
reconstructed invariant mass. We chose the size of the 
window around My/' as given in Tablc|TT]with the implicit 
understanding that Mz 1 should be taken as the W mass. 



M z , (TeV) 


oiZ (fb) 


*iZ D (fb) 


4 (fb) 


<rz> (fb) 


0.5 


17.6 


208 


19.2 


1232 


1.0 


5.6 


46 


5.6 


270 


1.5 


1.5 


12 


1.8 


9.5 



Table III: Signal and background cross sections in fb for the fi- 
nal state l^jjJf^T after imposing the cuts (|18|l to (|21l) summed 
over £^ being an electron or a muon. These results do not 
include the jet and lepton reconstruction efficiencies. For the 
signal the results are show for an illustrative value of the width 
F z , = 0.05M Z , . 



We present in Table IIVI the signal and SM cross sec- 
tions after cuts (|22"]) - (|24"|) . The interference term <x;„ t is 
negligibly small for all values of W masses and widths 
considered. As wc can see, this channel presents a small 
SM background due to the reduced leptonic branching 
ratio of the WZ final state. However, the signal cross 
section is depleted as well. As discussed in the previous 
subsection, the collimation of the Z decay products re- 
duces the signal for large My/ 1 due to the requirement of 
the lepton isolation cuts. 



C. pp^ w -» w ± z->£ ,± £ + r^ T 

In this channel, the W production is characterized by 
the presence of three charged leptons (e ± or fi ± ) and 
missing transverse energy. The primary SM background 
to this signal is the W^Z and ZZ productions, where 
one of the final state leptons evades detection in the ZZ 
case. The tt pair production also contributes to the SM 



D. pp -> W' -> W ± Z -> ^jj^T 

The final state £ jjflx can also be used to study 
W production, in addition to Z' searches described in 
Sec. IIIIBl Since the W and Z masses are relatively close, 
many events might be classified as Z' and W productions 
if the new vector resonances possess similar masses. In 
our analyses we assumed that these new states are not 
degenerated so we did not add their contributions to this 
final state. 
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M w , (TeV) a S M (fb) a w , (fb) 
0.5 0.87 297 
1.0 0.14 85 
1.5 0.01 6.4 



Table IV: Signal and background cross sections for the 
£ f± e + £~$ T final state after imposing cuts ([22])- (24]). Con- 
tributions from all trilepton combinations with electrons and 
muons are included. Backgrounds include both irreducible 
and reducible contributions plus the top backgrounds. The 
lepton detection efficiencies are not included. The signal cross 
section is given for V w i — 0.05-Mv^/ 



The W and Z' signals are similar for this final state, 
therefore, the same cuts (fl"8)) to ([21]) can be applied with 
the obvious change of Mw to Mz in ([2TJ]) and of Mz> 
by M\y> in (j2"Tj) . Also to efficiently suppress the tt and 
QCD backgrounds the vetoing of additional jets in the 
central region l|13p is imposed with the corresponding 
veto survival probabilities l|14[) . 

Table[V]shows the signal and background cross sections 
for the W search in the t jj$T channel. Comparison 
with Table IIVI shows that in this channel the signal has 
a higher statistics than the purely leptonic mode due to 
the larger Z hadronic branching ratio. However, as seen 
in the table, even after all the cuts imposed, this channel 
still suffers a large QCD background. 



M w , (TeV) 


asZ (fb) 


° Q S C M D (fb) 


<r$M (fb) 


a w > (fb) 


0.5 


13.2 


210. 


11.4 


1354 


1.0 


4.0 


50. 


4.4 


673 


1.5 


1.5 


14. 


0.88 


32 



Table V: W 1 signal and SM background cross sections for 
the final state £ jjftr as a function of the W' mass. Results 
are summed over ^ ± being an electron or a muon and do 
not include the jet and lepton reconstruction efficiencies. For 
the signal the results are show for an illustrative value of the 
width T w , = 0MM w > . 



e. PP ^ w -» w ± z^£+rij 

Finally we study the final state £ + £~jj for which the 
full reconstruction of the W signal as well as the Z and 
W intermediate states is possible. This, as shown be- 
low, allows for a very efficient reduction of the SM back- 
grounds. 

The centrality, isolation and momentum cuts for the 
final partons for this channel arc: 

|%| < 2.5 , |t7j| < 3 and AR Jj{mu) > 0.4 . 

(25) 




300 400 500 600 700 800 1000 1200 



M p (GeV) 

Figure 6: The left (right) panel contains the reconstructed in- 
variant mass distribution for the pp — » jj£ + £~ final state and 
for M Z ' = 0.5 (1) TeV over their corresponding backgrounds, 
depicted as a hatched area, after the cuts given by Eqs. (|25p - 
(|27[) . The relative size of the signals and backgrounds between 
the two resonances is maintained despite the arbitrary overall 
normalization. 

Vt > 50, (100), [100] GeV , 

(26) 

p{, > 70, (100), [100] GeV 

for M w - = 0.5, (1.0), [1.5] TeV. 

The identification of the hadronically decaying W and 
leptonically decaying Z is obtained by requiring: 

\M 3j -M w \ < 10 GeV, 

(27) 

\M l+t - -M z \< 10 GeV. 

In Fig. [5] we show the reconstructed invariant mass 
distribution Mjj e + e - after the cuts in Eqs. ([2"5]) - |[2"T|) . As 
seen in this figure, in this channel the W invariant mass 
can be well reconstructed. We consequently compute the 
signal cross section for Mw> — 0.5 (1) [1.5] TeV by re- 
quiring 

\M jjl+l - - M W ' | < 50, (100), [200] GeV. (28) 

We give in Table [VTl the signal and SM cross sections 
after cuts ([25]) - |28|) . The tt cross section is reduced to 
a negligible size after these cuts are imposed. The inter- 
ference term o"j nt is negligibly small for all values of W 
masses and widths considered. 

As in the previous section, the collimation of the Z and 
W decay products reduces the signal for large Mw 1 due 
to the requirement of the lepton and jet isolation cuts 
imposed to ensure efficient reconstruction of the Z and 
W invariant masses. 
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M w , (TeV) 


^IaT (fb) 


^ D (fb) 


a w i (fb) 


0.5 


12.2 


17.2 


380 


1.0 


0.14 


0.76 


51 


1.5 


0.03 


0.12 


3.3 



Table VI: W signal and SM background cross sections for 
the final state £ + £~jj as a function of the W' mass. Results 
are summed over ^ ± being an electron or a muon and do 
not include the jet and lepton reconstruction efficiencies. For 
the signal the results are show for an illustrative value of the 
width IV = 0-05M w , . 




r z '/M z 

Figure 7: The filled regions are the ranges of the parameters 
for observation of a Z' with mass M z i = 0.5, 1, and 1.5 
TeV with at least 5<r significance in the reaction pp — > Z' — * 



IV. RESULTS AND CONCLUSIONS 

In the present study, we use as signal of the production 
of a new resonance V (= Z' or W') the excess in the 
total number of events over the SM expectations after the 
application of the suitable cuts described in the previous 
section. 

The analysis of the statistical significance of the signals 
described is simplified by the fact that in all channels the 
interference between the SM and the V contributions, 
Pint(Mv' , IV'), is negligible for Ty < My/2 after cuts. 
In particular, for sufficiently high number of expected 
background events, the 5a sensitivity bounds on the V' 
properties can be obtained assuming gaussian statistics 




r z '/M z 

Figure 8: Same as Fig. [7] for the process pp — > Z' — > 



as 

( gvqq gvwv \ 2 > 5 y/crsM , 2g ^ 

V gVqq gV'WVmax) \/~C Uy {My ,Ty) 

Here we present our results for an integrated luminosity 
of 100 fb -1 . For this luminosity the number of back- 
ground events is large enough to gaussian statistics to 
hold for all cases with the exception of the leptonic heavy 
W channel, pp W -> W ± Z -> l^l+l-fir. In this 
case condition ([2^]) is modified by adopting the corre- 
sponding 5cr observability bound for Poisson statistics in 
the presence of the corresponding expected background. 

We depict in Figs. ITriTTI the ranges of couplings 
gv'qq gvwv for which a 5a signal can be observed as 
a function of the resonance width for three different val- 
ues of its mass My = 0.5, 1, 1.5 TeV in the different 
channels. There are some basic features that are common 
to all the cases. First of all, the observability regions are 
bounded both from below and above. The lower bound 
arises from the condition of the signal being observable 
while the upper limit originates from the consistency of 
our effective description of the vector resonance produc- 
tion. For a given vector mass the contribution of the 
V — * VV and V — ► qq' partial widths should not sur- 
pass the assumed value of the total width; this fact is 
described by the upper limits given in Eqs. ((5J) and ([5]). 

Another general feature is that the lower bound on 
the gv'qq gvwv increases as the total width Ty is aug- 
mented just because broad resonances tend to produce 
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-2 -1 -2 -1 

10 10 10 10 

r w '/M w * r w */M w ' 



Figure 9: The filled regions are the ranges of the parameters 
for observation of a W' with mass Mw = 0.5, 1, and 1.5 
TeV with at least 5a significance in the channel pp — > W' — > 

w±z -> e+re ± $ T . 



more events outside the V invariant mass window used 
to define the signal; see for instance (f2Tj) . Moreover, as 
can be expected, the lower limit on the coupling constant 
product increases for heavier V' masses. Here, we have 
two effects collaborating: not only the the production 
cross section decreases for heavier vector masses, but also 
its decay products are more collimatcd becoming harder 
to pass the isolation cuts imposed on jets and leptons. 

It is interesting to compare the expected sensitivity for 
the Z' in the purely leptonic £ + £~^Jt final state, shown 
in Fig. [3 with the semileptonic final state, i^jjlpT, pre- 
sented in Fig. [U From these figures, we see that the 
possibility of reconstructing the Z' peak and the larger 
event rates leads to better sensitivity for the semileptonic 
channel for Mz> = 0.5 and 1 TeV despite the larger QCD 
backgrounds. Nevertheless, the importance of the chan- 
nels is reversed for heavier Mz> because the W's are very 
energetic and their decay jets are highly collimated not 
passing the isolation cut in (fT%|) . 

As for the expected sensitivity to the W' , the best 
channel for all masses considered is the purely leptonic 
final state t^t+i'^T as consequence of the achievable 
background reduction. Also, as foreseeable, the predicted 
sensitivity to W in the i^jjJfir final state is comparable 
to the corresponding one for Z in the same final state 
(up to the difference strength in the couplings to light 
quarks of the W and Z) and only slightly better than 
the observability of W in the £ + £~jj channel. 



Figure 10: Same as Fig. [9] for the reaction pp — > W 
W ± Z -> £ ± jjf T . 



The purely leptonic and semi-leptonic channels are 
complementary since they allow us to determine which 
resonance (W or Z') has been produced if a signal is 
indeed observed. The W and Z 1 productions lead to the 
same final state £^jj^T> however, additional signals in 
the £ + £~jj and I'^l^t'tyr channels characterize the W 
existence, while the smoking gun for the Z' is an addi- 
tional signal in the £ + £'~]pT channel. 

We also notice that should the narrow width approxi- 
mation hold for ayi one would have 



a v , oc a(pp - V) x Br(V - WV) = A {9v '^ v ' wv? 

. (30) 

where A depends only on My. Thus, in the region of 
validity of the narrow width approximation, the bounds 
on V obey a simple scaling law characterized by 



gv'qq gvwv 



gVqq gV'WV max 



X Tl 



(31) 



being a constant depending on My and the final state 
considered. As we can see in Figs. [7] to [11] our results 
are reasonably well described by Eq. (p?Tj) for Tz> < 0.05 
- O.lMz', while there is a departure from this simple 
scaling rule for larger widths. 

As a final comment, let's notice that these results 
should be taken with a pitch of salt since there might 
exist additional backgrounds to the vector resonance 
searches coming from the new physics associated to the 
electroweak symmetry breaking sector. For instance, 
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r w '/M w * 



Figure 11: Same as Fig. [9] for the process pp — > IT' — > 



in extra dimension models there is a plethora of new 
heavy states that might give rise to final states similar 
to the ones we studied, e.g. KK charged leptons can de- 
cay into a W pair accompanied by neutrinos. If these 
backgrounds turned out to be sizeable, certainly the re- 
construction of the new resonance Breit-Wigner profile 
would become an important tool to isolate the new vector 



states. Moreover, we have not considered the systematic 
uncertainties associated to the prediction of the absolute 
value of the SM backgrounds that can be of the order of 
5-20% [13 • 

In summary, in this work we have performed a model 
independent analyses of the observability of a new spin-1 
particle, either neutral or charged, that is associated to 
the unitarity restoration in the electroweak vector boson 
scattering. In addition to the essential couplings to elec- 
troweak gauge boson pairs we also considered the new 
vector resonance couplings to light quarks; many exten- 
sions of the SM, like higgsless models, contain such cou- 
plings. We analyzed the five channels shown in Eqs. ([1]) 
and ([2|) expressing the attainable bounds as a function 
of the resonance effective couplings, its mass and width. 
Our analyses show that the study of these process have 
a large reach at the LHC, allowing to discover or exclude 
many scenarios like Higgsless models. 
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